dio~ygenases.',~~ Groves and Quinn2' have devised an elegant system for oxygen-oxygen bond fission and aerobic epoxidation based on sterically hindered ruthenium porphyrins. In the approach described in this paper, a copper(I)-copper(II) redox couple and a hydroquinonequinone redox couple are incorporated in one catalytically active complex, as is shown in Scheme I.
It is intended to activate molecular oxygen, either as superoxo or p-peroxo, via electron transfer from the Cu(1) binuclear system. The hydroquinone-quinone moiety acts in this system as an electron shunt between an external reducing agent and the copper ions. This mechanism of electron transfer is reminiscent of the quinone-based electron-transfer systems as found for instance in the bacterial photosynthetic systemz8 and in synthetic metalloporphyrin-quinone electron-transfer systems.29
Experimental Section
All experiments with hydroquinones were performed under an inert (N2) atmosphere. For the oxidation experiments, pure oxygen (Air Products) was used. Oxygen uptake was measured by using manometric techniques. Tetrahydrofuran was distilled from sodium benzophenone ketal under a N2 atmosphere. All other solvents were distilled before use. 2,6-Xylenol (Janssen) were used as such. IH NMR (300 MHz) and 13C N M R (75.48 MHz) spectra were obtained on a Varian VXR 300 spectrometer. Chemical shifts are reported as 6 values relative to tetramethylsilane (6 = 0 ppm). Infrared spectra were recorded on a Unicam S P 200 infrared spectrophotometer. Melting points (uncorrected) were determined on a Mettler FP-2 melting point apparatus. High-resolution mass spectra (HRMS) were recorded on a AEI-MS-902 spectrometer. Elemental analysis were performed in the microanalytical department of this laboratory.
Z,dDimethyl-l,4-hydropuinone (3). To a solution of 60 g of KH2P04 in 700 mL of H 2 0 was added IO g (82 mmol) of 2,6-xylenol dissolved in 200 mL of methanol. Freshly prepared Fremi's saltM (60 g, 112 mmol) was subsequently added in two portions to the well-stirred mixture prepared above. Stirring was continued for 1 h at room temperature, and the resulting reaction mixture was extracted with diethyl ether (3 X 50 mL). The organic extracts were dried over MgS04, the solvent was removed in vacuo, and the solid residue was purified by crystallization from petroleum ether (60-80 OC) to give 8.0 g (75%) of yellow crystalline 3; mp 74-75 OC A solution of 5.0 g (37 mmol) of 2,6-dimethylquinone in CHCl, (100 mL) was vigorously shaken for IO min with a solution of Na2S204 (IO g) in aqueous NaOH (8.0 g of NaOH in 100 mL of H20). The aqueous layer was separated, acidified (aqueous HCI), and extracted with CHCI, (2 X 50 mL). The combined chloroform solutions were dried over MgS04, and the solvent was removed by rotatory evaporation to yield a white solid. Crystallization from H 2 0 gave 4.1 g (81%) of 3; mp 149-151 OC (lit.32 mp 151-152 "C).
Z,CDimethyl-l,4-hydroquinone 1,4Dibenzoate (4) . To a solution of 4.0 g (29 mmol) of 2,6-dimethylhydroquinone (3) and 5.9 g (58 mmol) of triethylamine in 200 mL of CH2C12 was added, at room temperature over a period of I h, 8.2 g (58 mmol) of benzoyl chloride. The resulting mixture was stirred for an additional 1 h and subsequently poured into 100 mL of H20. The CH2C12 layer was separated and washed with 2 N aqueous HCI (twice), aqueous 10% NaOH solution, and brine. After drying over MgSO, and removal of the solvent by rotary evaporation, the solid residue was crystallized from petroleum ether (60-80 "C). There was obtained 8.3 g (85%) of pure 4 as white needles: mp 117.5-1 18.4 and dopamine-@-hydro~ylase~~~) have hardly been found. This is even more surprising if one realizes that selective oxidations of organic substrates mediated by copper-amine complexes have been known for over a century.I.*" The Glaser oxidative coupling of acetylenes," the oxidative dimerization of naphthols as observed by Havinga and Brackman,I2 and the formation of poly(pheny1ene ethers) from 2,6-disubstituted phenols as discovered by Hay13 are all based on copper-amine complexes and molecular oxygen. Numerous studies have dealt with these oxidations,I0 and useful extensions to y-oxidation of enones,I4 asymmetric phenol oxidat i o n~, '~ and cis,cis-muconic acid synthesis16 as well as improvements on poly( 1 ,Cphenylene ether) formation have been f~und.'~J' Stoichiometric arene hydroxylation has been observedI8J9 during studies of the reactivity of Oz at copper centers in binuclear complexes designed to mimic certain oxygenases. Furthermore, catalytic dehydrogenation~l~*~~ and phosphine and sulfide oxidationszl were reported.
As part of our continuing efforts to develop bimetallic complexes that can act as catalysts for selective o x i d a t i~n '~J~ using molecular oxygen, we describe here novel model systems.
The effect of a "second metal" in the catalyst complex is proposed to enhance the oxygen binding ability, to assist in oxygen-oxygen bond cleavage, or to interfere with substrate binding.
Two approaches for the successful development of a selective oxidation catalyst can be followed: (i) One oxygen atom of O2 is incorporated into the ~u b s t r a t e ,~,~~ as in tyrosinases. These monooxygenase~,~*~~ with two copper ions in the active center, catalyze the incorporation of one oxygen atom into the ortho position of phenols; an external electron and proton source is required to convert the second oxygen atom into water. In cytochrome P450 based metalloporphyrin this problem is circumvented either by the use of "single-oxygen" donor^^^^^ or by the use of an external reducing agentS6qz6 (ii) Both oxygen atoms of O2 are used for substrate oxidation as is the case with reflux and continuously irradiated with an IR photolamp, was slowly added over a I-h period 13.0 g (81 mmol) of bromine. After the addition was complete, the resulting mixture was heated and irradiated for an additional period of 12 h. By that time the bromine had completely disappeared. The solvent was removed by distillation and the residue purified by crystallization from petroleum ether (60-80 "C), affording 5 as white crystalline material: yield 11.2 g (83%); mp 177. 1,4-Hydroquinone-2,6-dicarboxaIdehyde (6). A solution of 5.0 g (7.3 mmol) of 5 in 50 mL of concentrated H2S04 was stirred at room temperature for 16 h. The solution was slowly poured onto 150 g of crushed ice, and the aqueous mixture was subsequently extracted with diethyl ether (3 X 50 mL). The combined organic layers were washed with aqueous NaHCOl (3 X 30 mL of a 1 N solution) and dried over MgSO,, and the solvent was removed in vacuo. Crystallization of the yellow residue from H 2 0 gave the title compound 6 yellow solid, 0.45 g (40%); mp 170-174 OC; 'H NMR (NaOD, D20) 7. 30 
2,6-Bis[N-2-( 2'-pyridylethyl)formimidoyl~l,4-dihydroxybenzene (1).
To a stirred solution of 0. IO g (0.6 mmol) of 6 in 50 mL of CH2C12 was added 0.147 g (1.2 mmol) of 2-(2'-pyridyl)ethylamine. The mixture was stirred at room temperature for I h, and subsequently 1.0 g of Na2S04 was added. After being stirred for an additional 1 h, the solution was filtered and evaporated to dryness to afford 1 as a red-brown oil, yield 0.21 g (93%), which was homogeneous by 'H N M R spectroscopy: 'H NMR (CDCI, Pi. Reduced cell calculations did not indicate any higher lattice symmetry. This choice was confirmed by the solution and the successful refinement of the structure. Two standard reflections were monitored at regular intervals and showed negligible change during the data collection period. The net intensities of the data were corrected for the scale variation and Lorentz and polarization effects. The correction for absorption was judged to be not necessary in view of the observed small intensity variation, up to 8%, for an 360° IC. scan of the close-to-axial reflection ( I 32). Standard deviations in the intensities based on counting statistics were increased according to an analysis of the excess variance" of the three reference reflections: cr2(r) = cr2,(n + (0.01402 resulting in 2101 reflections satisfying the I 1 2.5a(I) criterion of observability. Pertinent numerical data on the structure determination are summarized in Table I and in the supplementary material. The structure was solved by Patterson methods and subsequent partial structure expansion (SHELXS86"); it was completed by Fourier techniques. Refinement using anisotropic thermal parameters followed by difference Fourier synthesis Gelling et al. University of GBttingen, Gottingen, FRG, 1986. Benzoin (15, 0.183 g, 0.86 mmol) and 8 (0.010 g, 0.01 mmol) were dissolved in IO mL of methanol in a 100" three-necked bottle. The reaction vessel was put in a thermostated bath maintained at 19 OC and connected to a gas buret filled with dioxygen. The mixture was equilibrated for 30 min. Subsequently, 0.040 g (1 .O mmol) of NaOH dissolved in 1 mL of methanol was added at once. The reaction mixture was vigorously shaken and the oxygen uptake measured.
After 2 min oxygen uptake declined; after 5 min, it stopped completely, resulting in a total O2 consumption of 20.5 i 1 mL (0.85 f 0.05 mmol). The methanolic solution was acidified with aqueous HCI, and most of the MeOH was evaporated. The resulting aqueous layer was extracted three times with IO mL of diethyl ether.
The combined ether layers were dried over MgSO, and evaporated to dryness. The white solid was crystallized from petroleum ether (40-6OOC). Benzil (0.178 g, 98%) , identical in all respects with an independent sample, was obtained. Traces of benzaldehyde (approximately 1 %) were found. If 0.009 g (0.23 mmol) of NaOH was used instead of stoichiometric amounts of base, the oxygen uptake stopped after 5.8 f 0.5 mL (0.24 f 0.03 mmol) of O2 had been consumed.
The oxidation of hydroquinone was performed by following the typical procedure described above. The product was identical in all respects with an independently prepared sample; however, only small amounts of product could be isolated because of the instability of the quinone under the specific reaction conditions. (1) synthesis of ligand 1 is outlined in Scheme 11. Oxidation of 2,6-dimethylphenol with Fremi's salt' O followed by a reduction of 2,6dimetbylquinone to 2,6dimethylhydroquinone using sodium dithionite and subsequent protection of the phenolic groups by dibenzoylation afforded 4 in 64% overall yield as crystalline material. Careful radical bromination of 4 with a 2-fold excess of bromine under continuous i~radiation)~ gave pure tetrabromo derivative 5 in 83% vield. The formation of 5 can also be achieved using N-bromosuccinimide. Bromination of the aryl groups, a notorious side reaction undex certain conditions, was not observed, and mono-or tribromo-substituted analogues of 5 were not ohtained. The fact that dibmmo substitution has taken place at each methyl substituent in 4 can also readily be deduced from the singlet observed at 6.60 ppm for the allylic hydrogen of 5 in the IH NMR spectrum. Exhaustive hydrolysis of 5 in sulfuric acid removes both protective gmups and liberates both aldehyde functionalities. Only limited use has been made of the conversion of xylenes into phthalic dialdehydes using the tetrabromination-hydrolysis sequence. The formation of isophthalic aldehyde from m-xylene has been reported.)' In our hands this proved to be an excellent procedure to prepare various isophthalic aldehydes. Hydroquinone 6 has a simple 'H NMR spectrum in D20/NaOD with singlets at 7.30 and 10.15 ppm for the aryl and aldehyde hydrogens, respectively. As expected, compound 6 is rather prone to oxidative decomposition but can be stored well under nitrogen in the cold. Condensation of 6 with 2 equiv of 2-(2'-pyridyl)ethylamine in CH2C12 afforded 1 in high yield, sufficiently pure (as determined ethanol there was obtained the dark green binuclear Cu(I1) complex 8 in 36% yield. As elemental analysis and spectroscopic data did not provide conclusive evidence for the presence of a quinone or a hydroquinone-containing copper(1I) complex, a molecular structure determination was undertaken.
Results and
Gelling et a]. 
Cu(l)-N(2)<(10) 124.9 (7) C~(2)-Cu(l)-0(5) 83.3 ( I ) Cu ( (4) 121.1 (9) Cu(l)-C~ (2)-0(6) 81.4 (2) (9) 117 (2) 0(2) The crystal structure of 8 was determined by a single-crystal X-ray diffraction study. The compound crystallizes in the triclinic space group Pi with two molecules in the unit cell. An ORTEP drawing of the molecule, with the adopted numbering scheme and illustrating the puckering, is shown in Figure 1 . Each asymmetric unit contains one complete molecule of the title compound and two perchlorate residues. Crystal data and details of the structure determination are shown in Table I. Tables I1 and 111 contain selected bond distances and angles, respectively (see also Experimental Section). The X-ray analysis shows that the molecule is a unique biscopper( 11)-hydroquinone complex. In contrast to e x p e c t a t i~n ,~~ the hydroquinone moiety was not oxidized to a quinone in the presence of the two copper(I1) ions in the complex.
Both copper ions are coordinated to a bidentate (pyridylethy1)imine ligand and are bridged by a phenolate and a hydroxy group, adopting a slightly disorted square-planar geometry. The molecular structure of 8 shows strong similarities with that of the p-hydroxy analogue lla, which was obtained by oxygen insertion into the C( ])(aryl) hydrogen bond of the corresponding binuclear Cu(1) complex 10, derived from ligand 9 (eq 2).19 The Cu(1- .41 Combining these data with the results of the refinement using anisotropic thermal parameters, which provided the location of the hydrogen atoms at 0(4), leads to the conclusion that the phenolic moiety is present as the Cu(I1)-bridged hydroquinone structure. A semiquinone structure, as has been observed for n i~k e l ( I 1 )~~ and copper(I1) catecholate comp l e~e s ,~~ is unlikely on the basis of the data provided and the similar Cu-0 distances found in 8 and lla (see Table I1 and ref
19).
The findings described here contrast with the formation of a quinone-semiquinone adduct of Ni"(C104)2 with tetrachlorocatechol.41 An extensive coordination chemistry of catecholates and semiquinones with group VI11 transition metals has been developed,44 since transition-metal quinoid adducts provide interesting perspectives as redox catalysts, in biological applications, and in the formation of conducting systems. Although the hydroquinone in 8 is ideally situated for electron transfer toward copper ions, this does not readily take place even in the presence of molecular oxygen. It has been suggested for related Ni complexes4' that despite the fact that the metal ion acts as an electron sink, back-donation of electrons toward a coordinated quinone might take place, depending strongly upon the redox potentials of quinone and metal and the levels of r orbitals and metal d orbitals. Electron paramagnetic resonance spectroscopy (EPR) measurements between room temperature and -1 30 K of binuclear Cu( 11) complex 8 dissolved in dimethyl sulfoxide showed that complex 8 is EPR silent in this temperature range.45 Finally, we have recently prepared the biscopper(I1) complex 1 lb, which contains a hydroquinone monoether ligand, in contrast to 8 containing the hydroquinone ligand system.& The complex llb was obtained from the corresponding binuclear Cu(1) complex 12 via a hydroxylation-induced demethoxylation with the aid of molecular oxygen (eq 3). There are no indications that either distance 1. 32 (1) 1 ) in 8 is shorter than the C(4)-O (4) 
( 1 2 ) (lib) Catalytic Oxidations. As was described above, no oxidation of the hydroquinone moiety in 1 takes place by using cupric ions and molecular oxygen. Much to our surprise, the binuclear Cu(I1) complex 8, derived from 1, acts as a catalyst for the oxidation of hydroquinone to quinone using molecular oxygen as the oxidant (eq 4). Thus, in the presence of catalytic amounts (1 mol %)
of 8, hydroquinone (13) is completely converted into 14 under aerobic conditions. Apparently the two electron-withdrawing imine substituents present in ligand 1 sufficiently increase the oxidation potential of the hydroquinone moiety to prevent intramolecular electron transfer to the Cu(11) ions in 8. However, fast intermolecular electron transfer from 13 to complex 8 can apparently take place. Cyclic voltammetric studies with complex 8 under different conditions using dipping methods showed no reversible oxidation-reduction patterns. In acetonitrile as the solvent, only one reduction peak was seen at -0.47 V versus SCE (standard calomel electrode) and a small oxidation peak was seen at -0.12 V versus SCE. In the subsequent runs, the current decreases gradually.
Presumably an irreversible reduction of the sensitive imine bonds of 8 takes place. A typical example of a cyclic voltammetric measurement with 8 is given in Figure 2 .
Hydrogen peroxide was not detected as the two-electron reduction product from O2 during these oxidations. Furthermore, we have not obtained any indication for the involvement of the hydroquinone moiety in 8 during the catalytic oxidation, other than acting as a bridging ligand between the two Cu(I1) ions. Thus, 8 was recovered unchanged after the oxidation as shown by UV spectra and via liberation of the ligand using Karlin's place under basic conditions and a turnover of 1032/h (based on catalyst) was reached. As base is essential for this oxidation reaction to occur, it proved to be possible to control the oxidation of 15 by the rate of addition of base. The results show a stoichiometric reaction with respect to NaOH, O,, and benzoin.
A mechanistic rational for the catalytic dehydrogenation mediated by 8, in accordance with the data obtained, is given in Scheme 111. Extensive mechanistic studies will be necessary to substantiate this scheme. Binding of the substrate to one or two copper ions as in 17 is followed by a two-electron transfer to yield a binuclear Cu(1) complex. Subsequent binding of molecular oxygen is thought to result in the formation of peroxy complex 18. Similar binding of phenolate anions followed by 0, binding to binuclear Cu(I1) complexes has been proposed as the first step in the catalytic oxidative polymerization of 2,6-dimethylphen01!~ Substantial evidence for the formation of peroxodicopper (I1) complexes from phenoxo-bridged dicopper(1) complexes has been reported by Karlin and c o -w~r k e r s .~~ Furthermore, a recent crystal structure of a (p-1,2-peroxo)dicopper(II) complex without a bridging ligand between the two copper centers has been reported.5'
As the addition of base is essential for the oxidation to occur, we speculate that the role of the base is to deprotonate the substrate (ROH) either before or after binding to one or two copper ions in the binuclear complex. This is in line with mechanistic proposals in oxidative phenol c o~p l i n g .~~,~~ Alternative mechanisms as the one shown in Scheme 111 might be proposed; for instance, the redox reaction of complex 18 with deprotonated substrate is an attractive possibility. This points to a reversal of the sequence, as shown in Scheme 111. It should be emphasized that 1 mol of OJmol of substrate is consumed, indicating a two-electron-transfer process contrary to four-electron-transfer processes that lead ultimately to HzO as was observed in copper(I1)-mediated oxidative phenol c0upling.4~ In situ (catalytic) decomposition of hydroperoxide anion cannot be excluded. In a control experiment adding 30% H202 to a methanolic solution of 8 and NaOH, we were not able to detect peroxide after 1 h at room temperature, indicating H 2 0 2 decomposition.
The presence of a hydroquinone or phenol moiety in the aforementioned ligands is only essential for bridging in the Cu(I1) ions, but has, as far as was observed experimentally, no role in the redox process. Furthermore, it can be concluded that the intended application of the hydroquinone moiety as an electron shunt between an external reducing agent and the Cu(I1) ions (and thus molecular oxygen) is not possible with the present model system. Appropriate modifications of ligand 1 and complexes derived thereof that fulfill the requirements mentioned above might be obtained by reduction of the imine functionalities. It is expected that this will result in a lowering of the oxidation potential of the hydroquinone moiety.
In conclusion we have reported here the synthesis of a new ligand system 1 containing a hydroquinone moiety capable of forming binuclear complexes. The molecular structure of an unprecedented, stable, binuclear hydroquinone-containing Cu(I1) complex 8 was determined. Furthermore, efficient catalytic dehydrogenations of hydroquinone and a-hydroxy ketones using O2 were found. However, no oxygenation (0-transfer) was achieved so far.
